Microalgae have great advantages as a new biomass source for fuel production. But microalgae are photosynthetic microorganisms, which normally grow in the light. Because of this growth condition, the commercial viability of microalgal biofuel is limited by current production systems. To obtain microalgal biofuel, fermentation is a more convenient, more economical and practical industry model. In this study, we asked whether and why the dark fermentation of C. ellipsoidea SD-0701 could be achieved by changing the culture medium formula. We focused the research on carbon-containing compounds and the initial pH of media. The results indicated that glucose was the optimum carbon-containing compound, which provided C. ellipsoidea SD-0701 with energy and carbon skeleton for accumulating organic compounds including lipids. When C. ellipsoidea SD-0701 was cultivated in the add-nutrition medium containing glucose, the optimum initial pH for the growth of C. ellipsoidea SD-0701 was pH 7.71. Therefore, if the suitable medium is used, C. ellipsoidea SD-0701 can grow normally in the dark, which is the same condition as the fermenter, and high microalgal biomass (0.50 g•L −1 ) and lipid yield (232.90 mg•L −1 ) can be achieved.
and were shaken once every 4 hours (Illuminated incubator, LRH-250Z, Guangdong Province Medical Devices Factory). The algal cells were then harvested from the culture and centrifuged at 5000 rmin −1 for 10 min at 4˚C to produce a cellular pellet. The cellular pellet was dried in incubator at 80˚C until constant weight was reached, and the microalgal biomass was quantified.
Determination of the Lipid Content in the Microalgal Cells
To make a standard curve, total lipids were extracted from 10 g microalgae powder by acid hydrolysis method [55] . Lipids of 0.0, 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 mg were weighed and they were dissolved in 1 ml chloroform, respectively. 1 ml of H 2 SO 4 was added into each chloroform solution, mixed thoroughly and incubated for 10 min at 100˚C. The solutions were cooled, and 5 ml of vanillin-phosphoric acid reagent (0.1978 g vanillin, 20 ml distilled water, 80 ml 85% phosphoric acid) was added into the solutions, respectively. The tubes were then incubated for 2 h at room temperature. The OD 528 of each chloroform solution was read at 528 nm using a spectrophotometer [56] . The standard curve was plotted with the weight of the lipid on the x axis and the OD 528 readings on the y axis, and linear regression analysis was performed on the standard curve.
The algal cells were harvested from 100 ml culture and centrifuged at 5000 rmin −1 for 10 min at 4˚C. Cellular deposit was frozen at −80˚C (Ultra-low Freezer, UF 3410, Heto-Holten) and thawed for 5 times in 24 h, and dried at 80˚C until constant weight was reached to produce dry microalgae powder. To determine the lipid content, 1 mg of dry microalgae powder was weighed and was treated according to the vanillin colorimetric method. Then lipid yields were calculated. The lipid content is the lipid weight per mg of dry microalgae powder. The lipid yield is the lipid weight per liter of the cultured-alga media.
The Comparison Method for Microalgae Growth and Lipid Accumulation in Media Supplemented with Different Carbon-Containing Compounds
The Basic Medium (BM) was SE medium. The effects of different carbon-containing compounds on microalgae growth were tested by adding them into the BM. The compounds were Glucose 25 mmol•L −1 , Citric Acid 25 mmol•L −1 , D-sorbitol 25 mmol•L −1 , Tris-acetic acid 25 mmol•L −1 , NaHCO 3 20 mmol•L −1 , Na 2 CO 3 20 mmol•L −1 [57] . The control group was SE medium. The microalgal biomasses and lipid contents were measured according to the above methods, the lipid yields of cultures were calculated according to the lipid contents. Each experiment and the subsequent analysis were repeated three times.
The Comparison Method for Microalgae Growth and Lipid Accumulation in Media with Different Initial pH
The add-nutrition media (glucose 3 g•L −1 , equal to 25 mmol•L −1 , yeast extract 6 g•L −1 , KH 2 PO 4 0.025 g•L −1 , Ca (NO 3 ) 2 0.1 g•L −1 , MgSO 4 •7H 2 O 0.025 g•L −1 , KCl 0.012 g•L −1 , FeCl 3 0.001 g•L −1 ) were prepared. The pH of the media was buffered to different levels: 4.71, 5.71, 6.71, 7.71, 8.71 and 9.71. Microalgae were cultivated in Erlenmeyer flasks to the exponential phase of growth, and then 1.23 × 10 9 cells were transferred to 250-ml flasks containing 100 ml add-nutrition medium with different initial pH, static cultured for 7 days in a light intensity of 60 -80 μmol•m −2 •s −1 , and shaken once every 4 hours. After cultivation, the microalgal biomasses and lipid contents were measured, the lipid yields of cultures were calculated according to the lipid contents. Each experiment and the subsequent analysis were repeated three times.
The Comparison Method for Microalgae Growth and Lipid Accumulation in Dark or Light Incubators
1.23 × 10 9 microalgal cells were inoculated into 250-ml flasks containing 100 ml add-nutrition medium confirmed by us, and cultured in different incubators at 25˚C. 1) Microalgae were cultured in the dark incubator for dark cultivation. 2) Microalgae were cultured in transparent incubator which was placed under sunlight. The experiment was done during seven consecutive sunny days. 3) Microalgae were cultured in illuminated incubator with daylight fluorescent tubes (T54-765, Philips) at 60 -80 μmol•m −2 •s −1 . They were incubated for 7 days and shake once every 4 hours. The microalgal biomasses and lipid contents were measured according to the above methods, the lipid yields of cultures were calculated according to the lipid contents. Each experiment and the subsequent analysis were repeated three times.
Determination of Residual Carbohydrates in Microalgal Cultures
The residual carbohydrates in the microalgal cultures were determined by the anthrone method [58] . A particular operation is shown below. Making the standard curve, the glucose was dried at 80˚C until constant weight was reached. Serial glucose standard solutions were prepared with concentrations of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 µg•ml −1 in water. Add 5 ml of anthrone-H 2 SO 4 reagent (0.1 mg anthrone, 70 ml H 2 SO 4 , 30 ml ddH 2 O) into the tubes containing 1 ml of glucose standard solution. The tubes were then incubated for 10 min at 100˚C. The solutions were cooled, and their absorbance was read at 625 nm using a spectrophotometer. The standard curve was plotted with the concentrations of glucose on x axis and the OD 625 readings on y axis.
After the microalgae in media supplemented with nutrients were incubated, the cultures were centrifuged. 1 ml of the supernatant was transferred to a tube and mixed with 5 ml of anthrone-H 2 SO 4 reagent. The tubes were then incubated for 10 min at 100˚C. The extracts were cooled, and their absorbance was read at 625 nm using a spectrophotometer. The content of residual carbohydrates in cultured-alga medium was then quantified according to the standard curve.
Statistical Analysis
All the experiments were conducted in three replicates. The data were analyzed using one-way analysis of variance (ANOVA) with SPSS software (version 18.0). A confidence of 95% (probability limit of p < 0.05) was chosen.
Results

Effects on C. ellipsoidea SD-0701 Growth and Lipid Accumulation in Media Supplemented with Different Carbon-Containing Compounds
After the C. ellipsoidea SD-0701 cells were cultivated in media supplemented with different carbon-containing compounds for 7 days, the cell concentrations of cultured-alga media in flasks have great differences (Figure  1(a) ). Then the microalgal biomasses (Figure 1(a) ) and lipid contents (Figure 1(b) ) were determined and the lipid yields (Figure 1(c) ) of the cultured-alga media were calculated. The highest microalgal biomass (1.15 g•L −1 ) and lipid content (63.88%) were achieved in medium supplemented glucose and the lipid yield (734.4 mg•L −1 ) of this group was also the highest (Figure 1) . This result indicated that carbon-containing compounds had significant impact on the biomass and lipid content of C. ellipsoidea SD-0701. After the carbon-containing compounds were supplemented into SE media, algae biomass and lipid content have been significantly improved.
And among the tested carbon-containing compounds, organic carbon-containing compounds were likely better than inorganic carbon-containing compounds. Among the tested organic carbon-containing compounds, glucose was the optimum, followed by Tris-acetic acid and D-sorbitol. C. ellipsoidea SD-0701 did not grow in medium containing citric acid. We reformed the medium formula according to the above experimental results. A add-nutrition medium containing glucose was formulated and used in the subsequent experiments. 
Effects on C. ellipsoidea SD-0701 Growth and Lipid Accumulation in Add-Nutrition
Media with Different Initial pH Levels C. ellipsoidea SD-0701 grew in the add-nutrition media with six different initial pH levels. The effects on the growth and lipid accumulation of C. ellipsoidea SD0701 were researched (Figure 2) . The microalgal biomass were about 0.34 g•L −1 (initial pH 4.71), 0.40 g•L −1 (initial pH 5.71), 0.64 g•L −1 (initial pH 6.71), 0.95 g•L −1 (initial pH 7.71), 0.77 g•L −1 (initial pH 8.71) and 0.56 g•L −1 (initial pH 9.71), respectively. The highest microalgal biomass (0.95 g•L −1 ) was achieved in initial pH 7.71 medium. But the lipid content of this group was slightly lower than that of pH 8.71. The lipid yield were about 0.126 g•L −1 (initial pH 4.71), 0.172 g•L −1 (initial pH 5.71), 0.318 g•L −1 (initial pH 6.71), 0.554 g•L −1 (initial pH 7.71), 0.479 g•L −1 (initial pH 8.71) and 0.294 g•L −1 (initial pH 9.71), respectively (Figure 2(c) ). The highest lipid yield (0.277 g/L) was also achieved in initial pH 7.71. So the optimum initial pH for C. ellipsoidea SD0701 growth and lipid accumulation was about 7.71.
Growth and Lipid Accumulation of C. ellipsoidea SD-0701 in Dark or Light Incubators
C. ellipsoidea SD-0701 were cultured with the add-nutrition medium at initial pH 7.71 in different incubators (Figure 3) . The effects on microalgal biomasses, lipid contents and lipid yields of C. ellipsoidea SD-0701 in different incubators were investigated and the residual carbohydrate contents in the cultured-algae media, were also determined. The microalgal biomasses were 1.00 g•L −1 (dark), 0.98 g•L −1 (sunlight) and 0.96 g•L −1 (fluorescent light), respectively (Figure 4(a) ). The lipid yields were 467.9 mg•L −1 (dark), 388.3 mg•L −1 (sunlight) and 541.2 mg•L −1 (fluorescent light) (Figure 4(c) ). The results indicated that there was no significant difference in microalgal biomass and lipid accumulation when C. ellipsoidea SD-0701 was cultured in the dark or light incubators. The residual carbohydrates content in the cultured medium was the highest under sunlight and the lowest was in the dark (Figure 4(d) ). 
Discussion
Different carbon-containing compounds have different transport mechanisms and metabolic pathways. And they also provide different amounts of energy for cell growth. Glucose is transported into C. ellipsoidea SD-0701 cells by facilitated enzyme, and its transport rate is relatively high. After glucose in medium enters C. ellipsoidea l SD-0701 cells, it is phosphorylated by a family of enzymes called hexokinases to form glucose 6-phosphate (G6P). One G6P is then oxidized completely through the TCA cycle, in the process approximate 32 additional molecules of ATP produced. In addition, its decomposition products provide carbon skeleton for constructive metabolism and lipid accumulation. So the microalgal biomass (1.15 g•L −1 ) was the highest when glucose was supplemented for the growth of C. ellipsoidea l SD-0701. Tris-acetic acid is transported by active transport. One molecule of Tris-acetic acid is catalyzed to acetyl-CoA by acetyl-CoA synthase after it enters the cell. Acetyl-CoA is oxidized completely through the TCA cycle and produces 9 molecules of ATP for C. ellipsoidea SD-0701. Therefore, glucose produces more ATP and is more beneficial for C. ellipsoidea SD-0701 growth than Tris-acetic acid. Sorbitol is transported into C. ellipsoidea SD-0701 cells by active transport, which needs to consume ATP. After entering the cell, sorbitol oxidase catalyzes the conversion of sorbitol to glucose which then enters TCA cycle after glycolysis. Sorbitol oxidase is the rate-limiting enzyme, whose level in the cell limits the metabolic rate of sorbitol. So the metabolic rate of C. ellipsoidea SD-0701 in medium with sorbitol is much lower than that with glucose. This has also been verified in the results of microalgal biomass. The microalgal biomass was 0.31 g•L −1 when sorbitol was used as carboncontaining compound, and it was 1.15 g•L −1 when glucose was used as carbon-containing compound.
The result indicated that C. ellipsoidea SD-0701 did not grow in medium with citric acid. The reasons might be: 1) The activity of citrate synthase was feedback inhibited by citric acid, which could affect TCA circle; 2) Cells could be blocked in G1 phase by citric acid, which could block DNA synthesis and inhibit cell growth [59] .
Cheng et al. [60] has reported that C. ellipsoidea can only fix two forms of dissolved inorganic carbon-CO 2 and 3 HCO − . And only when 2 3 CO − is converted into CO 2 and 3 HCO − , can they be fixed and utilized by C. ellipsoidea SD-0701. However, the pH of the medium increases with the increase of CO 2 -consuming, which is not favor condition for the conversion from 2 3 CO − to CO 2 and 3 HCO − . Therefore, C. ellipsoidea SD-0701 grow faster in medium supplemented with NaHCO 3 than with Na 2 CO 3 . NaHCO 3 and Na 2 CO 3 provide inorganic car- bon-containing compounds for C. ellipsoidea SD-0701. They could not provide both energy and decomposition products for cells, lower microalgal biomass was achieved. NaHCO 3 and Na 2 CO 3 provide CO 2 for C. ellipsoidea SD-0701 when they are used as carbon-containing compounds. C. ellipsoidea SD-0701 cannot utilize CO 2 for photosynthesis in the dark. Therefore, it is not suitable to use NaHCO 3 and Na 2 CO 3 as carbon-containing compounds in traditional dark fermentation.
A add-nutrition medium that can effectively promote the growth and lipid accumulation of C. ellipsoidea SD-0701 was formulated according to above experimental results. And the pH level of the medium was researched. Because the initial pH level of medium affects the available fraction of nutrients in media, the membrane stability and absorptive capacity of different nutrient elements. The highest microalgal biomass (0.95 g•L −1 ) was achieved in initial pH 7.71. Its lipid content was slightly lower than that of pH 8.71. But the highest lipid yield was also achieved in pH 7.71. So pH 7.71 is optimal initial pH level of medium.
The residual carbohydrate contents in the cultured-alga media in different light conditions were markedly different. The residual carbohydrate content with dark treatment was the lowest (Figure 4(d) ), and the microalgal biomass of this group was the highest (Figure 4(a) ). It suggests that photoreaction of C. ellipsoidea SD-0701 was stopped and dark metabolism was activated under the dark treatment condition. In dark C. ellipsoidea SD-0701 absorbed nutrients directly, glucose was mainly utilized to provide energy and carbon skeleton for synthesizing organic compound, and to finally achieve high microalgal biomass and lipid accumulation. Therefore, the existing fermentation equipment can be applied to the industrial production of C. ellipsoidea SD-0701 oil, like the traditional production of microbial fermentation products.
Conclusion
In conclusion, after the SE medium was supplemented with suitable concentration of glucose, the microalgal biomass and lipid yield have been increased 4.11 and 7.70 times, respectively. Adding different carbon-containing compounds into the media, the growth rate of C. ellipsoidea SD-0701 was changed. The highest microalgal biomass and lipid content were achieved when glucose was applied in the medium and the lipid yield of this group was also the highest. The optimum pH of the add-nutrition medium was pH 7.71. Although C. ellipsoidea SD-0701 is a photoautotrophic microorganism, microalgal biomass and lipid yield can be enhanced in a dark incubator being filled with the add-nutrition medium. It is feasible that the modern fermentation equipment can be applied to the industrial production of C. ellipsoidea SD-0701 oil, just like the traditional production of microbial fermentation products.
